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Background: The aim of this study was to determine the relationship between airway blood flow ( aw ), airway conductance (G f-aw ) and pulmonary function in patients with stable HF.
Methods: 12 controls (CTRL: age=63±9yr, FVC=98±15%pred, LVEF=61±6%) (all data presented as mean±SD), 16 patients with mild HF (HF-A, NYHA I-II: age=64±9yr, FVC=90±17%pred, LVEF=28±6%), and 14 patients with moderate/severe HF (HF-B, NYHA III-IV: age=65±6yr, FVC=84±12%pred, LVEF=26±6%) were studied.
aw was assessed using soluble gas measurements; perfusion pressure across airway bed (ΔP aw ) was estimated from systemic and pulmonary pressure measurements; G f-aw was calculated as aw /ΔP aw ; PF was assessed by spirometry. Results: While aw was not significantly different between CTRL (61.3±17.9 μL•min 
Introduction
The changes in pulmonary function with chronic heart failure (HF) are well documented, with patients typically presenting with a combined restrictive/obstructive pattern, increased airway resistance and marked ventilatory constraint both at rest and during exercise (Johnson et al. 2000; Johnson et al. 2001) . We have previously hypothesized that small changes in the caliber of airway mucosal vasculature could alter the morphometry of compliant distal airways, displacing tissue towards the adjacent lumen airspace and explain in part, the combined obstructive/restrictive and increased airway resistance seen in HF (Ceridon et al. 2009 ). This engorgement of the bronchial mucosal and change in airway caliber may occur because the bronchioles are highly vascularized and the bronchial circulation lies near the airway lumen surface.
Currently, there is no direct evidence that changes in bronchial circulation are related to measurable changes in pulmonary function in HF patients. However the results of several studies provide indirect evidence that changes in bronchovascular conductance may be related to changes in pulmonary function and symptoms of congestion in HF Lockhart et al. 1992; Wetzel et al. 1993; Agostoni et al. 1995; McIlveen 2000) . In an early study of anesthetized mini-pigs, Wetzel and colleagues (1993) demonstrated that intravascular volume loading resulted in bronchial mucosal engorgement and decreased airway cross sectional area. These authors concluded that this type of mucosal engorgement may be a cause of airway obstruction in HF patients (Wetzel et al. 1993) . In a study of HF patients undergoing cardiopulmonary bypass, Agostoni et al. (1995) reported an increased bronchovascular conductance (G f-aw ) in HF patients compared with healthy control subjects. While this study did not examine changes mucosal blood flow or cross sectional area of the airway, these changes in conductance may in turn be consistent with bronchial vascular engorgement postulated to occur in chronic HF. Similarly in a group of HF patients reporting moderate exertional dyspnea,
Cabanes and colleagues reported a blunted methacholine-induced bronchial obstruction and improved maximal exercise performance with inhalation of methoxamine, an α 1 -specific adrenergic receptor agonist known to constrict the bronchial vasculature (Cabanes et al. 1989; Cabanes et al. 1992) . These authors concluded that exercise-induced vasodilation (or engorgement) of the bronchial vasculature and subsequent bronchial obstruction may contribute to exertional dyspnea in this group of HF patients.
The regulation of bronchial vascular tone is complex and there are a number of pathophysiological alterations characteristic of HF likely to affect the vascular tone and structure of this circulation. In healthy individuals, the bronchial circulation is under efferent autonomic control and is tonically vasoconstricted (Hennessy et al. 1993; McIlveen et al. 1997) .
Airway blood flow and conductance are sensitive to changes in pulmonary vascular pressures (Agostoni et al. 1987 ) and chemical mediators of inflammation (Long et al. 1990 ), both of which are altered in chronic, stable HF patients. Additionally, it has been shown that the stretch of cardiac tissue alters the hemodynamics in the bronchial circulation via afferent neural pathways (McIlveen 2000; White et al. 2003 ). Hence it is possible then that the multiple physiological changes that occur with HF may potentially impact on aw and G f-aw .
To date there have been no studies directly examining the relationship between aw and pulmonary function in healthy or heart failure patients. This is primarily because the bronchial circulation is difficult to access and study in humans. The relatively recent development of a modified soluble gas technique to non-invasively measure aw has provided a means for further study of the bronchial circulation in human subjects (Wanner et al. 2006) . This technique, which has been validated against accepted invasive techniques in animals (Scuri et al. 1995) has made the measurement of aw more practical to perform in clinical populations and to our knowledge, there have been no previous studies conducted that directly measure aw in a population of stable, ambulatory HF patients.
It is worth noting that the reported measures of airway blood flow in the literature are dependent on the specific methods used and typically reflect one of the following: the total blood inflow from systemic sources into the bronchial circulation (total aw ); the outflow of blood from the bronchial circulation occurring via the bronchopulmonary anastomoses (anastomotic aw ); or blood flow in the bronchial circulation occurring through the vessels within the bronchial mucosa (mucosal aw ). The technique described in this study measures aw of the bronchial mucosa and thus use of the term aw from here on will be in reference to mucosal aw unless otherwise stated.
Therefore the aim of the present study was to firstly quantify aw and G f-aw at rest in stable HF patients versus healthy matched controls, and secondly determine if aw and G f-aw are related to pulmonary function in HF.
Methods

Study design
aw was measured in 30 HF patients and in 12 healthy controls using soluble gas techniques.
aw measurements and systemic and cardiac pressure measurements were used to determine G f-aw . Measures of aw and G f-aw were then related to pulmonary function measurements.
Ethical Information
The protocol was reviewed and approved by the Mayo Clinic Institutional Review Board and all participants provided informed written consent prior to participation. All procedures followed guidelines set forth by Health Insurance Portability and Accountability Act and complied with the standards set in the Declaration of Helsinki.
Subjects
Patients with HF were recruited from the Mayo Clinic Heart Failure Service and from the non-significant smoking history (< 15 pack-years), and no history of diabetes, lung disease, or coronary artery disease.
Protocol
Prior to the study all participants underwent a screening visit that included pulmonary function tests, a complete blood count, and pregnancy testing for women of child bearing potential.
Subjects with HF were evaluated clinically prior to recruitment. Once participant eligibility was confirmed from the screening visit, subjects reported to the laboratory on two separate days. and residual volume (RV). All measures were collected in accordance with American Thoracic Society (ATS) guidelines (Miller et al. 2005) .
Resting Hemodynamics and Lung Diffusing Capacity
Heart rate (HR) and arterial oxygen saturation (%SaO 2 ) were continuously monitored using a pulse oximeter (Nellcor, N 595, Dublin, Ireland). Blood pressure (BP) was assessed by sphygmomanometer and was taken by the same technician throughout the entire study.
Rebreathe techniques measuring the simultaneous disappearance of acetylene, carbon monoxide (CO) and nitric oxide (NO) were used to non-invasively estimate , D M , and V C as described previously by our laboratory (Snyder et al. 2006 and analysis was performed using a custom software package ). The volume of gas used to fill the rebreathe bag was determined by the tidal volume of the subject. At the end of a normal expiration, subjects were switched into the rebreathe bag and instructed to nearly empty the bag with each breath for 10 consecutive breaths. Following each diffusing capacity maneuver, the rebreathe bag was emptied with a suction device and refilled immediately before the next maneuver. All measures of , D M and V C were repeated triplicate with the mean value being reported.
Serial measurements of gas concentrations enabled calculation of the ratios of carbon monoxide/helium and acetylene/helium to estimate the diffusing capacity for carbon monoxide (DL CO ) and as previously described ). Calculations of D M and V C were based on the solubility of CO and NO and determined according to the Roughton-Forster equation (Roughton et al. 1957 (Meyer et al. 1990 ). Additionally, because each maneuver is performed with less than 30 seconds of rebreathing, the recirculation of acetylene, CO, and NO are considered to be negligible (Morris et al. 2007 ). For our laboratory, the coefficients of variation are 7.2% for D M and 6.4% for V C .
Echocardiographic Measures to Estimate of Mean Left Atrial Pressure
Echocardiographic images were acquired using a 4MHz matrix array cardiac transducer (Vivid 7, General Electric, Milwaukee, WI, USA). All images were acquired with the subject was in a semi-recumbent position from either the apical or parasternal position. Doppler echocardiography and tissue Doppler imaging techniques as described by (Oh et al. 2006 ) were used to determine early diastolic mitral inflow velocity (E) and medial mitral annulus velocity (e'). The ratio of the inflow velocity to the annulus velocity (E/e') was then used to noninvasively estimate pulmonary capillary wedge pressure (PCWP) as described by (Nagueh et al. 1997 ).
Estimation of Bronchovascular Perfusion Pressure
Because the bronchial circulation originates from a systemic source and largely drains into left atria via the pulmonary vasculature, flow in the bronchial vascular bed is affected by both upstream systemic pressures and by downstream pulmonary pressures (Wagner et al. 1990 ).
An estimate of the perfusion pressure across the airway circulatory bed (ΔP aw ) was calculated as the difference between systemic mean arterial pressure (MAP) and the estimated PCWP i.e.
MAP-PCWP.
Measurement of Airway Blood Flow
aw was measured non-invasively using a modified soluble gas technique (Wanner et al. 2006) as previously described by our laboratory (Morris et al. 2008) . Briefly, subjects breathed on a mouthpiece connected to a pneumotachometer and a sliding valve system. Gas concentrations for N 2 and dimethyl ether (DME) were continuously sampled using a mass spectrometer (MGA 1100, Perkins Elmer, St. Louis, MO). Flow, volume, and gas concentration signals were recorded throughout the breathing maneuvers and analyzed using custom analysis software (Morris et al. 2008 ).
Subjects were coached through the following breath-hold maneuver. In rapid succession, subjects inhaled to total lung capacity, expired slowly until ~500 ml of air had been exhaled, and inhaled the test gas mix consisting of 9% DME, 91% N 2 (Praxair, Danbury, CT) back to TLC.
Subjects were then coached to hold their breath with an open glottis for a specified time period. A final exhalation was then performed through a critical flow orifice that controlled expiratory flow rate at ~0.25 liters per second. Breath-hold times were set at 5, 8, 10, and 13
seconds and subjects performed a minimum of two maneuvers at each breath-hold time. In our laboratory, the test-retest reliability for determining resting aw is 0.98 with a coefficient of variance of 3.8% (Morris et al. 2008 ).
Calculation of Bronchovascular Conductance and Bronchovascular Resistance
Bronchovascular conductance was calculated as aw divided by ΔP aw .
Data Analysis
All statistical comparisons were made using the SPSS statistical software package (Version 12.0, Chicago, IL). One-way ANOVA testing was used to compare variables between the three groups (HF-A, HF-B, and CTRL). Levene's test was applied to each variable to determine the equality of variance between groups. Bonferroni or Tamhane's T2 post hoc analyses were applied when comparing variables of equal or unequal variance, respectively. Fisher's exact test was used to examine the difference in medication usage and other categorical variables between the three groups. Correlation and covariance were determined with Pearson Mean Correlation Coefficients. Significance was set at α=0.05. Values are reported as mean ± (SD unless otherwise noted.
Results
Forty-two subjects completed testing: 16 in HF-A (NYHA Class I-II), 14 in HF-B (NYHA Class III-IV), and 12 age-and sex-matched healthy controls (CTRL). Subject characteristics and medications are summarized in Table I . There were no significant differences in age, height and body weight between groups, however BMI was significantly higher in the mild HF-A group when compared to CTRL (p<0.05) and tended to be higher for the moderate/severe HF-B group.
LVEF was significantly reduced in both HF groups when compared to CTRL (p<0.05).
Hemodynamics and Lung Diffusing Capacity
Hemodynamic and diffusing capacity measures are summarized in Table II 
Measures of aw and G f-aw
Measured values for aw and G f-aw are presented in 
Relationships of aw and G f-aw to Pulmonary Function and Hemodynamics
The relationships between pulmonary function variables and aw and G f-aw are presented in Figures 2 and 3. As a first pass analysis we examined the relationship between pulmonary function variables presented in Table III and aw and G f-aw for the entire group i.e. HF and CTRL combined ( Figure 2 , Figure 3B ). Where there was a significant group effect, i.e. HF subjects behaved differently to CTRL, data for the HF patients is presented separately ( Figure 3A , 3C-D). Figure 2 shows the relationships between G f-aw and %predicted FVC and between G f-aw and % predicted FEV 1 for all subjects. Significant negative correlations were observed between G f-aw and %predicted FVC and also between G f-aw and %predicted FEV 1 values.
Relationships between aw and G f-aw to the RV/TLC ratio are represented in Figure 3 . When considering all the HF patients, aw was correlated to RV/TLC ( Figure 3A) . Furthermore, G f-aw was correlated to RV/TLC in all subjects (i.e. CTRL and HF subjects, Figure 3B ), in all HF patients ( Figure 3C ), and individually in each of the separate HF groups ( Figure 3D ). Hence, individuals with higher aw and higher G f-aw tended to also have higher RV/TLC ratios.
There were no significant relationships between aw and diffusing capacity or hemodynamics for either the CTRL group or HF groups.
Discussion
Our data demonstrate firstly that while there is no measurable change in aw with HF, G f-aw is increased in stable, ambulatory HF patients compared to healthy, control participants. Secondly our data demonstrate that aw and G f-aw are negatively associated with measures of pulmonary function (FVC, FEV 1 , and RV/TLC) and as such, higher aw and G f-aw are associated with poorer pulmonary function. These data suggest a possible contribution of aw and G f-aw to lung function abnormalities in the HF patient population.
The mucosa of non-gas exchanging airways is a relatively small tissue volume that is highly vascularized. Blood vessels within the airway walls are predominantly dispersed within the subepithelial tissue space and it is widely hypothesized that conductance and/or resistance characteristics of this vascular bed could impact on global pulmonary function (Wagner et al. 1996; McIlveen 2000) . In humans, blood inflow to the airway vasculature arises from the systemic circulation and the majority of blood outflow from the airway mucosa is into the pulmonary venous system via post-capillary bronchopulmonary anastomotic structures (Agostoni et al. 1987; Wagner et al. 1990) . Given this anatomical configuration, both systemic and pulmonary hemodynamics directly affect flow and conductance in the airway vascular bed.
In HF patients, elevated pulmonary pressures, cardiac stretch, and increases in several neurohumoral factors have been hypothesized to alter aw and G f-aw and subsequently contribute to observed restrictive/obstructive spirometry patterns (McIlveen 2000) .
Determination of aw to estimate G f-aw by the soluble gas technique is reflective of the airway mucosal blood flow beginning at the level of the main stem bronchi down to the level of the terminal bronchioles and thus provides some insight on the role of this vascular bed in the observed pulmonary function abnormalities of HF (Scuri et al. 1995) .
Airway Blood Flow, Conductance and
In the present study, no differences in the direct measures of aw were observed between CTRL and HF groups. However, when examining these values alone, it is not possible to separate the relative contributions of the perfusion pressure of the vascular bed and that of the resistance/conductance values of the conduit vessels. Subjects with HF presented with decreased systemic pressures and increased PCWP, serving to decrease the perfusion pressure (ΔP) across the bronchovascular bed. Taking into account ΔP, it was demonstrated that G f-aw was elevated in HF which is consistent with distension of the airway vasculature in these subjects.
While we found PCWP was increased in HF, surprisingly there was no significant relationship between aw and G f-aw and PCWP for any group. An overview of aw studies in the literature conducted primarily in animals consistently demonstrates a reduction in aw with increasing downstream vascular pressures (Auld et al. 1960; Goetz et al. 1965; Modell et al. 1981; Baile et al. 1984; Agostoni et al. 1987; Wagner et al. 1990 ). In dogs, Agostoni et al. (1987) showed that anastomotic aw was reduced under the following conditions: increasing downstream pulmonary vascular pressure, decreasing upstream systemic pressure, or an overall decrease in the pressure gradient across the vascular bed. Wagner et al. (1990) demonstrated in sheep that increasing left atrial pressure, which in turn increases pulmonary vascular pressure, produced a reduction in total bronchial artery flow by means of an increase in bronchovascular resistance.
However it is important to recall that HF patients present with a constellation of secondary physiologic adaptations resulting in marked interference between normal bronchovascular regulation and cardiopulmonary alterations occurring with the disease. These adaptations in early phases of HF may differ from those seen in the latter stages of the disease. The tendency for an d aw in mild HF-A (mild HF) and the tendency for a diminished aw in moderate/severe HF-B relative to CTRL may reflect the progressive nature of any physiologic adaptation occurring in early vs more advanced stages of HF.
Pulmonary Function
Patients with HF frequently exhibit combined mild obstructive and restrictive pulmonary function abnormalities (Puri et al. 1995) . The HF patients that participated in the present study displayed characteristics of restrictive pulmonary function as demonstrated by tendency for decreased values for FVC and FEV 1 . However these subjects also displayed obstructive elements in the collected spirometry tracings. Both HF groups had a significantly lower FEF and FEV 1 compared to CTRL, suggesting some marked small airway obstruction. These flow data are characteristic of a "non-specific ventilatory limitation" or non-specific pattern of pulmonary dysfunction ). Although these pulmonary function findings are consistent with those of other investigators for HF patients, the specific mechanisms that contribute to nonspecific spirometry tracings are presently not clear. One theory is that obstruction of the small airways contributes to mixed restrictive/obstructive pulmonary function abnormalities and that closer attention should be also be given to measured lung volumes, specifically RV, TLC, and the RV/TLC ratio (Stanescu et al. 2004; ).
Relationships of aw and G f-aw to Pulmonary Function and Hemodynamics
In analyses inclusive of all subjects (Figure 2 ), modest associations were observed between G f-aw
and %predicted FVC and with %predicted FEV 1 , suggesting that there may be a link between blood flow in the airways and global pulmonary function. Moreover we found strong relationship between aw and G f-aw to measures of the RV/TLC ratio. In HF patients, higher aw are related to higher RV/TLC ratios ( Figure 3A) . In all subjects and in the individual HF patient groups, higher mucosal blood flow conductance are also related to higher RV/TLC ratios that is likely associated with increased air trapping ( Figure 3B-D) .
Taken together, we believe the results of the current study support the hypothesis that an increase in bronchial conductance may contribute to an increase in airway resistance in HF.
Firstly we are confident that measurements obtained by the soluble gas method used in this study are sensitive to and inclusive of mucosal blood flow in the walls of airways susceptible to changes in resistance. This method allows for penetration of the test gas deep into the lung but excludes mixing and/or uptake in the alveolar regions of the lung. Secondly non-specific pattern of spirometry tracings in combination with elevated RV/TLC values in HF may be an indication of gas trapping and airway obstruction (Stanescu et al. 2004; ). The strong positive relationship we found between RV/TLC and G f-aw . in both HF groups (and not CTRL) suggests that a worsening of airway obstruction is related to greater bronchial conductance which may be translated into greater bronchial engorgement. Thirdly, cartilage content is reduced in the walls of smaller airways making small bronchi and bronchioles structurally more compliant and more susceptible to narrowing (Noble et al. 2002) . The inverse relationship between airflow resistance and lumen radius (raised to the 4 th power) dictates that small decreases in absolute lumen dimension will translate into exponential increases flow resistance in these conduit vessels.
Limitations
As highlighted, measurement of bronchial blood flow is difficult and the soluble gas technique represents an indirect measure of a complex system. For the purpose of this study, the measures of aw refer to mucosal blood flow rather than total blood flow into the bronchial circulation. Clearly a more direct measure of aw would be ideal, however this is difficult in vivo. However we would argue that changes mucosal aw , i.e. those anatomically closest to the airway lumen, would provide the best insight into any related changes in pulmonary function.
Our results showed a weak, but significant relationship between PF and aw and G f-aw . We would have expected more pronounced changes in pulmonary function with greater disease severity, however this was not always the case. This lack of a clear differentiation between the HF groups may have been due to the fact that these were all stable, relatively wellcompensated group of HF patients. Moreover differentiating between HF groups is complex and we may not always see distinct differences between groups. While we chose to categorize subjects based on NYHA class, others factors such as B-type natriuretic peptide may better at predicting disease severity (Doust et al. 2005 ) and hence categorize the HF group.
In calculating the bronchovascular perfusion pressure we used PCWP an estimate left atrial pressure. Venous drainage of the bronchvascular tree is complex, with best estimates suggesting two-thirds of the blood flow returns to the pulmonary circulation, with the remaining blood flow returning to the low pressure right side of the heart. Clearly we are unable to accurately determine the downstream pressure for all bronchial blood flow, however even if we were able to do so, one would argue that this would not change the overall results of the current study. Finally, the non-invasive method used to estimate PCWP may represent another potential limitation. In the current study we estimated PCWP using the regression equation described by Nagueh et al (1997) . However there is some debate as to the applicability of this regression equation in healthy subjects with others questioning the accuracy of this approach (Firstenberg et al. 2000) . However, given that the method we have outlined is widely cited in the literature (Nagueh et al. 1997) we feel confident that our results for healthy subjects are consistent with published data.
Conclusions
Numerous physiologic systems are affected by a failing heart, with particular interest given here as to how HF impacts the bronchial circulation and subsequently pulmonary function. The present investigation found that G f-aw was elevated in stable HF patients relative to healthy control subjects. Increases in G f-aw were associated with decreased FVC and FEV 1 . Increases in aw and G f-aw are also associated with increased RV/TLC ratios suggestive of a relationship between the bronchial circulation and air-trapping in the lung. 
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